Purpose: Early mobilisation is advocated to improve recovery of intensive care unit (ICU) survivors. However, severe weakness in combination with tubes, lines and machinery are practical barriers for the implementation of ambulation with critically ill patients. The aim of this study was to explore the feasibility of Body Weight-Supported Treadmill Training (BWSTT) in critically ill patients in the ICU. Methods: A custom build bedside Body Weight-Supported Treadmill was used and evaluated in medical and surgical patients in the ICU. Feasibility was evaluated according to eligibility, successful number of BWSTT, number of staff needed, adverse events, number of patients that could not have walked without BWSTT, patient satisfaction and anxiety. Results: Twenty participants, underwent 54 sessions BWSTT. Two staff members executed the BWSTT and no adverse events occurred. Medical equipment did not have to be disconnected during all treatment sessions. In 74% of the sessions, the participants would not have been able to walk without the BWSTT. Patient satisfaction with BWSTT was high and anxiety low. Conclusions: This proof of concept study demonstrated that BWSTT is safe, reduces staff resource, and facilitates the first time to ambulation in critically ill patients with severe muscle weakness in the ICU.
Introduction
Approximately 30-65% of the critically ill patients who are mechanically ventilated for 5-7 days develop ICU-Acquired Weakness (ICU-AW) [1] . ICU-AW results in difficult weaning from the ventilator and impedes recovery of muscle strength, muscular endurance and aerobic capacity and contributes to a longer hospital stay, a decrease in functioning and a reduced quality of life after ICU discharge [2] [3] [4] [5] [6] . Early mobilisation has become a common component of patient care in ICUs to prevent ICU-AW and to improve functional recovery [7] [8] [9] . Early mobilisation is initiated when patients are first physiologically stable, and includes progressive therapeutic activities, such as bed mobility exercises, sitting on the edge of the bed, standing, transferring to a chair, and ambulation. Recent studies have identified lack of staff and time, potential risks of airway dislodgement and dislocation of intravenous and arterial lines, and monitoring as common barriers for ambulating critically ill patients in the ICU [10] [11] [12] . To overcome the main barriers for early ambulation with critically ill patients, we developed a transportable body weight-supported treadmill (BWST) for the use at the bedside of patients in the ICU.
The premise of this proof of concept study was that BWST Training (BWSTT) is feasible and safe in the ICU, reduces staff workload and shortens first time to ambulation.
Methods
This proof of concept study was an interventional single group design conducted in the medical and surgical closed-format ICU Intensive Care Unit (ICU) of the Academic Medical Center (AMC), University of
Patients
All medical and surgical adult patients (≥18 years) admitted to the ICU and mechanically ventilated ≥48 h were screened for potential eligibility. Patients were screened daily for inclusion criteria until ICU discharge. Exclusion criteria were: low survival chance (imminent to death), one or more amputated lower extremities, insufficient knowledge of the Dutch language, not able to follow instructions (Short 5 item Questionnaire (S5Q) b5) [13, 14] , no sitting balance, M. quadriceps muscle strength 0-1 according to the Medical Research Council (no contraction or contraction without limb movement), and contraindications for performing physical exercise according to the Evidence Statement for ICU physiotherapy (hemodynamic instability, surgical contraindications, etc. [see Supplementary information for safety criteria according to the Evidence Statement]) [14, 15] .
Intervention
We built a custom mobile bedside treadmill with weight bearing utility in collaboration with the Instrumental Department at the AMC. The BWST enables ambulation at the bedside within the range of ventilator tubes, lines and monitoring equipment. In patients with insufficient motor control or muscle strength for independent ambulation, a gait harness can be used in combination with a weight bearing construction.
BWSTT was standardized with respect to safety checks, transfers, bodyweight support, treadmill speed and ambulation duration. Based on clinical observation, the amount of bodyweight support, duration of ambulation and treadmill speed was individually adjusted to the patient's capacity. The BWSTT stopped according to the termination criteria [see Supplementary information for termination criteria according to the Evidence Statement] [14] . BWSTT was continued until patient was discharged from the ICU. Two experienced ICU physiotherapists trained and skilled for this intervention conducted the training. During BWSTT, vital parameters were continuously observed and recorded similar to other physiotherapy and mobility interventions with critically ill patients [14] . Fig. 1 is an illustration of the BWST.
Main study parameters
Main outcome measures to evaluate feasibility were: eligibility, recruitment rates, number of staff needed, adverse events (AE), successful number of BWSTT, number of patients that could not have walked without BWST, patient satisfaction (emoticons 1 = very unhappy − 5 = very happy) and anxiety (numeric rating scale; 0 = no anxiety − 10 = severe anxiety). Adverse events included falls, wounds, dislocation of tubes, lines or other equipment, violation of safety criteria for mobilisation during the intervention, and were classified as mild (the AE impairs the normal functional level of the subject only slightly), moderate (the AE impairs the normal functional level of the subject to a certain extent) and severe (the AE represents a clear-cut, marked impairment of the subject's normal functional level). Serious adverse events ((S)AEs) were defined as any untoward medical occurrence or effect that results in death, is life threatening (at the time of the event) requiring prolongation of hospitalisation or results in persistent or significant disability or incapacity.
Patient characteristics and clinical data associated with the ICU stay were recorded.
Data on functional status were expressed as muscle strength and ambulation status, using the Medical Research Council Sum Score (MRC-SS) [14, 15] and the Functional Ambulation Categories (FAC) [16] .
Power
Due to the explorative design of this proof of principle study, no formal sample size calculations were performed. A consecutive series of 20 evaluable ICU patients admitted for medical or surgical reasons were estimated, to explore the feasibility BWSTT.
Ethical approval
Ethical approval was obtained from the AMC local Ethics Committee (Amsterdam, the Netherlands, NL56342.018.16). Written informed consent was obtained from all participants.
Statistical analyses
Statistical analyses were performed with SPSS version 23. Descriptive statistics were performed. All data are presented as means and standard deviations or, in case of a skewed distribution, as medians with the interquartile range (IQR) (25 th -75 th percentile).
Results
After 6 months 167 medical and surgical pts. (b 18 years) admitted to the ICU and mechanically ventilated for more 48 h, were screened for inclusion. Sixty-eight patients were excluded because they were unable to walk prior to ICU admission (n = 3), overweight (n = 1), eminent to death (n = 53), had a lower extremity amputee (n = 3) or did not speak Dutch (n = 8). In 43 patients it was considered not safe to perform physical exercise according to the Evidence Statement [14] , 22 patients were not able to follow instructions (S5Q b 5) and 2 patients had insufficient sitting balance [14] or M. quadriceps strength.
Of the 32 patients who satisfied the inclusion criteria, 10 were discharged from the ICU before start of the intervention and 2 did not provide informed consent.
Consequently, 20 consecutive patients who provided informed consent were included. Fig. 2 shows the screening and inclusion process. Patient characteristics of the 20 participants at the first BWSTT are presented in Table 1 .
Twenty participants underwent a total of 54 sessions BWSTT with a median (IQR) of 2 (1-3) for each participant. The median (IQR) age was 69.5 (52.8-77.5), time spent in the ICU before BWSTT was 23(10-56) days. Median muscle strength was MRC-SS 40 (32.5-47.5) with 75% having ICU-AW (MRC-SS b 48). Sixty-five percent had a FAC score 0 (non-functional ambulator or cannot walk). All participants had ≥ 3 catheter or infusion lines ( Table 1 ).
The walking distance per session was median (IQR) 31(3-95) steps. The median (IQR) duration of the treatment sessions, including preparation time, was 25 (20−30) minutes. The number of staff, all physical therapists, involved in preparation and treatment was 2 IQR (2-3). In 49 (91%) sessions, participants would have required the assistance of N2 persons for weight bearing support and for carrying and moving equipment (ventilator, monitor, infuses, wheelchair, etc.) in case the BWST had not been available.
No adverse events occurred and none of the medical equipment (ventilator, monitor, infuses, drains, continuous veno-venous hemofiltration (CVVH), pacemakers, etc.) had to be disconnected during the 54 sessions. Except for one, all BWSTT sessions could be executed as planned according to the protocol, without interruption or unexpected early termination. One participant started the session but was not able to walk on the BWST due to upper extremity weakness (MRC 2).
In 40 of 54 (74%) sessions, the participants would not have been able to walk without the BWST due to severe muscle weakness (FAC 0: person cannot walk, or needs help from 2 or more persons).
In 14 sessions, according to the low FAC score (1-2) and based on clinical judgement of the physiotherapist, participants would have been able to ambulate approximately 5 m without a BWST, however, with use of the BWST, the participant walked N 10 m, which is a potential increase of distance of N100%.
Patient satisfaction was high and anxiety during BWSST low; median (IQR) satisfaction score 5 (3-5) and anxiety 0(0-5).
Discussion
This proof of concept study shows that the use of a bedside BWST is safe, reduces staff resource, and facilitates the first time to ambulation in critically ill patients with severe muscle weakness in the ICU, compared to ambulation without a BWST.
BWSTT has shown to be an effective modality for improving fitness, walking capacity and daily functioning in different rehabilitation populations with muscle weakness [17] [18] [19] [20] .
As BWST is, until now, only available as fixed system in departments of physical therapy and rehabilitation medicine, this method has never been used in patients in the ICU before.
The benefits with BWSTT in other rehabilitation populations apply primarily to the decreased functional capacity and motor control by which patients could not walk without assistance. In patients with stroke, traumatic brain and spinal cord injuries it was demonstrated that BWSTT increases walking distances and gait quality [17, 18, 20, 21] . In this study we showed that patients in the ICU who were unambulatory or required significant assistance for walking due to decreased muscle strength, were able to walk with a BWST. Impaired physical capacity is not the only reason for not ambulating patients in the ICU. In the ICU, the availability of specialized equipment and technological aids are important to maximize the safety, efficiency, and effectiveness of early mobilisation. To illustrate, in order to ambulate, a walker is necessary to provide balance and support. In addition, a wheelchair is generally pushed behind an ambulating ICU patient to permit the patient to immediately sit and rest when necessary, and to transport patients to their bed if they become physically incapable of walking due to weakness, fatigue, or medical complications. Other technological considerations include the continuation of ventilator support, the availability of a portable cardiac monitor and pulse oximeter to allow continuous vital sign monitoring during ambulation, and a wheeled pole with infusion pumps for intravenous medications that cannot be temporarily stopped during mobilisation.
Furthermore, despite the safety of early mobilisation staff must exercise significant care to ensure that catheters, tubes, and wires are secured adequately before starting ambulation and do not get tangled or removed. While ambulating, usually one or two physical therapists will provide hands-on assistance to the patient, an ICU nurse takes care of the pole with infusion pumps, one person follows the patient with the wheelchair and one person supervises the ventilator, and monitoring of vital symptoms. The latter staffing issue has significant resource implications in the ICU and limit the number of patients who can be mobilised each day [10, 11] .
Two previous studies reported on novel devices to assist with ambulating ICU patients [22, 11] . The use of a wheeled walker with safety seat and tower housing portable equipment reduced the required two staff to ambulate with mechanically ventilated patients to two. Nevertheless, in order to ambulate, the ventilator, oxygen, monitor devices and infusion have to be disconnected to the consolidation on the wheeled tower [11] . One hospital designed a swimming-pool with adjustable floor for ICU patients with severe weakness. Besides the financial issues of exploiting a swimming-pool in the ICU, the duration of a hydrotherapy session is at least 60 min and requires 4 staff members for preparation and execution of the therapy [22] . We demonstrated that the use of a mobile BWST overcomes most of these practical barriers for early mobilisation in a complex environment of the ICU. Apart from all equipment, several patient characteristics were present which are generally considered as barriers for ambulation. Moreover, 13 (65%) of the patients had FAC 0, i.e. non-functional ambulation, 14 (70%) had a body mass index score (BMI) N25, indicating obesity, and 15 (75%) had ICU-AW. By using the BWST at the bedside of the patient, it was not necessary to interrupt medical treatment, it allowed less human resource requirements, and improved the safety and effectiveness of ambulating mechanically ventilated patients.
Another potential benefit that was observed but not systematically evaluated, was that BWSTT was a strong stimulant and positive experience for the patients. Patients and their families were very satisfied with this intervention and reported that BWSTT improved their confidence in their recovery towards their previous lives and autonomy.
There are some limitations of this study. First, it was executed in one center potentially limiting the generalizability of the results. However, since the study was performed in a university hospital treating patients with an above average of complexity, we assume that the positive findings can be translated to other populations in different ICU settings.
The proportion of the screened patients that were included was rather low (12%), but as expected. The fact that nearly all included patients were able to complete BWSTT and no mild or severe adverse events occurred may indicate that we have used rather conservative safety criteria for inclusion. Moreover, due to practical reasons, we did not consider patients with neurological disorders as reason for ICU admission for inclusion in this study. Obviously, the majority of patients were enrolled shortly before ICU discharge and as a consequence the number of treatments per patient in this study was low (median 2). It could be questioned whether a (measurable) training effect could be achieved within two sessions. However, since the aim of this study was to evaluate safety and feasibility of this novel technology in the most challenging environment, i.e. an ICU, BWSTT was stopped when the patient was discharged from the ICU. Albeit we did not measure the effects of BWSTT, we presume that continuation of BWSTT after ICU stay at the general ward would be beneficial in order to improve the effects of BWSTT in terms of muscle strength or walking capacity. According to our inclusion criteria patients had to be mechanically ventilated N 48 h, conscious, meeting the safety criteria for performing active exercise according to the evidence statement, having independent sitting balance and MRC m. quadriceps strength ≥ 2 to be enrolled. This set of criteria obviously led to the enrolment of patients who had been severely ill, were treated in the ICU for median of 23 days and had median low muscle strength (MRC-SS 40) indicating ICU-AW.
As this proof of concept study showed the feasibility and safety of the use of BWST in this population who is considered to physically suffer most from consequences of critical illness and prolonged immobilisation, we assume that the population of patients that could potentially benefit from BWSTT can be increased by considering the inclusion criteria regarding ventilation, safety and extending to patients with neurological disorders.
The physiotherapists involved in this study were experienced with mobilisation of patients in the ICU and participated in the development of the novel BWST. Their involvement may have contributed to the success of BWSTT. As mobilisation of patients in the ICU and the use of the BWST require a continuous clinical judgement of potential risks, benefits as well as patient capacities, education will be necessary for a successful and wide implementation of BWSTT. Nevertheless, the protocol for this study, consisting of a precise description of inclusion criteria, safety checks, and treatment issues could be followed in all cases without any violation, indicating that this can serve as a manual for the use of BWSTT.
Conclusion
In conclusion, this proof of concept study demonstrates that BWSTT in critically ill patients is feasible, safe and potentially effective. Given the unique challenges of early mobilisation of critically ill patients in an ICU environment, BWSTT provides many advantages compared to manual ambulation training such as less manpower, continuation of medical treatments and earlier ambulation for patients with muscle weakness. Moreover, we found that BWSTT was a very positive experience and strong motivator for the patients improving their confidence in the recovery process. As recovery of walking ability is one of the most important milestones in the rehabilitation process and one of the factors with the most impact on social participation and professional reintegration, the results of this study may have important implications for clinical practice.
In future research we should further investigate the effects of BWSTT in critically ill patients in the ICU in terms of muscle strength, walking capacity and recovery trajectory. In addition the effects on duration of mechanical ventilation and ICU stay will be evaluated as well as the effects on costs.
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